Abstract. This study is to design a compressed air driven vehicle which used two highly efficient pneumatic motors with a planetary gear box. The concept of using a hydraulic motor to transform the energy of compressed air to mechanical energy makes the energy efficiency better. In addition to that a booster is used to recover the energy lost in exhale air. However, the single motor has long operating time for one cycle, this makes the speed of the motor output is not stable. Therefore, two motors to set up the system can help to stable the output speed. To combine the output of two motors, an epicyclical gear box is designed to mix mechanical energy from two motors to reduce the speed unstable. Finally, a vehicle was developed and tested.
Introduction
The piston type air engine is currently the most common used device to convert potential energy in compressed air into mechanical energy. A lot of researchers had done the research in this field, such as [1] (C.Y. Huang, 2013 ). However, due to the low efficiency of the piston type air engines. The engine cannot fully use the energy in the air. This makes the vehicle used the compress air has to store a large amount of compressed air to make the travel distance long for a vehicle. The improving of the efficiency is a very important work for air engine. To improve efficiency, Shaw, et. al [2] developed a system by using a convertor to transform the air pressure to hydraulic pressure, the pressurized hydraulic oil than push into a motor to transfer the potential energy to mechanical energy. The main difference between the system developed by Shaw and the other piston type air engine is the thermodynamic process when operating. The piston type air engine has high rotational speed, therefore, the whole procedure can be considered as adiabatic process. However, the rate of the air flow of compressed air driven hydraulic motor system is much slower than piston type engine. Hydraulic motor system can be approximated as isothermal process. However, the system of one motor has long operating time for one cycle, this makes the speed of the motor output is not stable. It is also found that, when the system is in expansion mode, the motor speed becomes lower and lower along with the decreasing of the pressure in the converter. To improve the performance of the output of the system, a planetary gear is used to mix the power of two motor systems and each motor system is expanded in different time. After doing that the output speed become smoother than the single motor system. Finally, a light vehicle was developed to prove the idea of the system. It was found that the two motors system can help to reduce the variation of the output speed. An epicyclical gear box is designed to combine the output of two motors. In the field test, the mix of mechanical energy of two motors can reduce variation of the speed.
Motor System Layout and Operation Process

Layout of Single Motor System
The system of the single motor layout had been introduce in [2] (without booster) and [3] (with booster). However, to let reader has a more clear idea of the system. We briefly introduce the system with booster which is introduced in [3] . As shown in left side figure of Figure I , the system is composed of a tank, 5 pneumatic ball valves, 2 air/oil converters, 5 check valves, several air pipes and oil pipes, a hydraulic motor, a pressure regulator, a booster and an air tank. In the system, there are two convertors are used. One convertor is served as the pressured oil generator, and the other is served as the reservoir to receive the low pressure oil from motor. It is noted that the oil enter the motor should in one direction. Therefore, the air/oil flow direction of the system should be changed and is divided into phase A and phase B (Figure 1) .
In Figure I , red areas is the high pressure zone, blue areas is low pressure zone. The compressed air is stored in the air tank. The air is released and enters the converter (in Phase A, the air goes to left converter and Phase B the air enters the right converter), the converter converts air pressure into hydraulic pressure and pushes the hydraulic oil to drive the hydraulic motor and finally goes into another converter. In Phase A, the oil of left hand size converter goes to motor through the left check valve which can be open by the pressure and enter the motor. After the oil exist from the motor to the right converter. After the oil in the left converter run out than the air is switched to the right converter and compresses the oil in the right converter. The oil in the right converter starts to enter the motor and the motor is driven by the oil. The motor can be driven continuously by swish the direction of compressed air from left to right and from right to left. It is noted that when the Phase A switch to Phase B, at this moment, the oil stop to enter the motor and the motor stop. To take care of this condition, an accumulator is used to provide the motor some amount of pressurized oil to make the motor rotate continuously. In addition to that a booster is used to recover the residual energy of exhale air from convertor.
Torque Variation of the Single Motor System
The experiment result of the torque of the single motor system is shown in Figure II . One may found that due to the long compress air expansion time, the output torque of motor is not stable. However, due to the existing of the accumulator, the torque of the system is always larger than 1 N-m. This variation of pressure will make the output speed of the motor varied. Therefore, it is necessary to find a way to reduce the speed variation. For common piston type engine, the flywheel is the major method to reduce the speed variation. There is another way to reduce the speed variation is to design the engine with several cylinders. However, in this study, using the flywheel is not a good idea. The used of the flywheel may cause the flywheel feedback the rotation to motor when the motor has not enough torque to drive the motor. This feedback makes the motor become a break to waste the energy from compressed air.
In this study, we design a system using a planetary gear by combing two motor systems together. Two input of the planetary gear come from each motor. The output is connected with a flywheel which is connected to the device which is driven by the motors. Two single motor systems are off phase to make the torque output from planetary gear is smoother than the single motor system.
Gear Box Design
The output performance affect the output speed (torque) of the system, stability of the output speed is a very important factor of efficiency of the system. Therefore, a planetary gear to mix the power come from two motor systems, and each system expands at different time. It makes up the motor speed loss. There are some works need to be done. The first thing need to be done is the gearbox design, the second thing is to find the best way to combine two single motor systems. 
Two Input Plasnetary Gear Analysis
In some time, all gear of planetary gearbox spines at same time; in this condition, the DOF of planetary gear is 2. The layout of the gear is shown in Figure III . It follows the Principle of Superposition to mix the power. The relation between output rotating speed and each input speed is:
In above equation, the rotating speed of INPUT I is , The rotating speed of INPUT II is , Rotating speed of OUTPUT is . According to Eq. 2, it is seen that the planetary gear can convert the two input energies into a single output, and according to Figure II , the final output speed can be calculated. However, due to the limitation of the driving conditions of the planetary gear itself, an input needs to be shifted before it can be introduced into the planetary gear. The gear ratio and the rotational speed of the planetary gear set are given by Eq. (3).
where is ratio of ring gear number and sun gear number. is rotating speed of satellite gear is rotating speed of sun gear is rotating speed of ring gear
System Modeling by Matlab/Simulink
In this section the Matlab/Simulink to simulate the system with two input is used. The Simulink model is assumed to be in perfect condition. The input parameters of Simulink are list in Table 1 . Figure 4 shows the piston location-pressure diagram of the two motors system, as you can see, the pressure in the piston of two motors system is better than single system. Therefore, the performance of double system will make the rpm of motor more stable. Figure 5 show the rpm of flywheel, the rpm of the two motors system is red and the rpm of single system is blue. The figure shows that the rotating speed of the single motor system is worse than the two motors system. Figure 6 shows the experimental results, which are respectively compared with the output speed of single system and the output speed of double system, and a fixed torque is applied to the shaft. It can be seen from the figure that the maximum speed and the minimum speed of the single system differ by about 53 rpm, while the maximum and minimum speeds of the dual systems are 26 and the slope of the decline shows that the slope of the dual system is 37.9%, The change of the double system speed is smaller than that of the single system because the gear inside the gearbox will store kinetic energy due to the inertia. When the system begins to expand, the moment of inertia inside the gearbox will be reduced. When the speed is high, the gear in the gearbox will store more energy, otherwise the gearbox will save less energy when the speed is lower. Although the difference between the maximum and minimum speeds of a single system and a dual system is about double, the moment of inertia of the loss is actually close but still has an effect on the speed of the final output. 
Result of Simulation
Planetary Gear Power Superposition Verification
Vehicle Driven by Two Motors System and Field Test
The studied vehicle was produced and tested. FIGURE VII is the photo of the vehicle. The air tank's pressure of 30bar and the capacity of the air is 9L. The minimum speed of the vehicle is 5km / h and the maximum speed is 35km / h during the test. The maximum traveling distance of the vehicle is 1.2Km.
Discussion
The structure of the vehicle of the two motors system used the one motor system which did not consider the weight of the two motors system and planetary gearbox. The weight of the system increasing from 114kg (single motor system) to 165kg (two motors system), therefore, when the car is too fast the body will produce torque so that the front wheel violently shaking, and ultimately unable to smoothly finish the endurance test. It is suggest that the structure stiffness is important and it should be the future work need to be done.
By reducing the pressure to lower the vehicle speed so that the body is able to travel by slower speed, which is in line with the experimental results, by carrying planetary and two motor system, there was less difference between maximum speed and minimum speed, and it is better to maintain a certain speed which reduces the acceleration and deceleration. The stable speed also can reduce the passenger's uncomfortable feeling. 
Conclusion
In this study, a compressed air driven motor hydraulic vehicle was designed and tested. In order to smooth the torque variation of the single motor system, a two motors system was proposed. To combine the two motor system, a planetary gearbox was designed which can effectively superpose the powers of two single motor system, so that the output of the system is more stable than the single system output. By doing this, the system can effectively reduce the driving resistance and the discomfort of the passengers in the vehicle. The system output velocity is improved by the planetary gearbox.
Due to the motor suitable for this study was not found, due to the available motor in the market is not designed for current study. Although the efficiency of the air/oil converter system is very high, however, due to the motor is not suitable for current working condition; the transportation distance is not long enough at the current stage. It is believed that if we can select a motor of better performance in our working status can improve the efficiency of system more.
